The relationship between the size of water droplets on the surface of ac high-voltage conductors, their vibration, and corona onset is investigated. Measurements have been carried out on individual droplets in high-voltage experiments, including highspeed photography, and discharge inception measurements. These have been correlated with acoustic emission from larger arrays of droplets on overhead transmission line conductors. A numerical model based on the finite element method has also been developed to simulate the vibration of the droplet enabling evaluation of the electric field and the characteristics of the droplet vibration. It is shown that the size of the water droplet is critical in its mechanical response to the field and that corona does not necessarily occur when the droplet is deformed into its most conical state as is the case under dc fields. For larger droplets the phase shift between the field and droplet vibration results in the maximum field occurring when the droplet is in a "flattened" profile rather than when it is "pointed." The phase relationship between the droplet vibration and the electric field thus controls the onset of corona. It is argued that conductors which facilitate the development of small, uniform, stable droplets on their surface are the cause of abnormally high levels of low-frequency audible noise sometimes observed by transmission utilities. Moreover, the narrow resonant response of the droplet may lead to a difference in acoustic emissions experienced between power utilities with 50 and 60 Hz system frequencies.
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I. INTRODUCTION
A KEY aspect to the design of overhead line power transmission structures is the need to keep both acoustic and high frequency electromagnetic emissions to acceptable levels. This requirement is sometimes re-stated as keeping corona discharges to an acceptable level. Designers have historically managed this by setting upper limits on the power frequency fields on conductor surfaces. The algorithms presently used were established in mid-20th century and are mainly based on measurements made on traditional circular-stranded, mineral grease filled, aluminium conductor steel reinforced (ACSR) conductors. To avoid the need to consider conductor strands and complications such as surface defects and wetting, the algorithms used by designers allow the assumption that conductors are perfect cylinders, and the maximum allowed design fields are compensated accordingly [1] . In contrast to traditional ACSR designs, recent developments of high temperature low sag (HTLS) conductors, designed to optimize power transfer through existing routes [2] , use a wider range of alloys and strand geometries [1] . In addition, the need to increase the capacity of power transmission networks has pushed voltages to higher levels. At the same time there is an environmental and planning imperative to make infrastructure as compact as possible, creating the aspiration to design for increased fields on conductor surfaces. At the same time, operational experience of some new designs of conductors has shown a deviation from the acoustic emissions predicted by the traditional, well proven, design tools. In particular low-frequency acoustic noise (hum) has been reported to be higher than acceptable in some cases [3] - [5] .
In wet weather, raindrops which form on the surface of overhead line conductors distort the distribution of the local electric field. Due to the conductivity of rainwater, a divergent field appears around the droplets. This can result in corona discharge which then causes environmental concerns such as audible noise (AN) and radio interference (RI). Droplets also vibrate as a result of the alternating electric fields (i.e., the 50 or 60 Hz power system) and this develops additional self-modification of the field around the droplet.
The formation of rain droplets on the surface of an overhead line conductor is affected by a number of factors. Weather conditions vary from region-to-region, and season-to-season and result in a wide range sized rain droplets on the surface of conductor. Results from both outdoor and laboratory measurements have shown that factors impacting audible noise generation include the surface electric field gradient, the surface finish and stranding shape, the surface hydrophobicity and the power frequency of the transmission line [5] . Experiments, an example of which is given in Fig. 1 , also reveal that, for example, a trapezoidal stranded conductor has a 6 dBA higher noise output compared to a circular stranded conductor with equivalent surface conditions, when the surface electric field is within the typical design range of 14 kV/cm to 17 kV/cm. If comparison is made between conductors with same surface shape but different 0885-8977 © 2018 Crown Copyright hydrophobicity: the noise level from a hydrophobic conductor can be seen to be approximately 10 dBA higher than on the same trapezoidal strands which are hydrophilic. Experimental details can be found in [6] .
Understanding how water droplet size controls acoustic emissions demands an understanding of the relationship between water droplet size, the conductor surface, droplet vibration and corona discharge. This paper describes experimental and simulation work carried out to understand the dynamic behaviour of a drop of water subjected to an alternating power frequency electric field, and the subsequent impact on corona behaviour.
II. DROPLET FORMATION ON CONDUCTOR SURFACES
Naturally occurring droplet size distributions on the surface of an overhead line conductor are primarily determined by the hydrophobicity of the surface. To evaluate the effect of hydrophobicity on the droplet size, a short section of conductor sample was treated by either polishing the surface (to render it hydrophilic) or applying a thin film of silicone rubber (to render it hydrophobic). After the treatment, three samples with contact angles of 63°, 75°and 104°were produced. These were subjected to the same wetting condition (a continuous fine mist spray) until fully wetted. A photograph of a single short length of conductor treated in this way is shown in Fig. 2(a) [7] .
An imaging technique, based on the Young-Laplace equation was utilized to estimate the size of the droplets presented on the surface. The distribution is plotted in Fig. 2(b) [7] . It is observed that:
r the average droplet size is larger for a more hydrophilic surface (1 µl at 104°, 5 µl at 75°, and 7 µl at 63°) r the standard deviations for surfaces with different hydrophobicity are: 0.92 µl, 3.21 µl and 2.84 µl for contact angles of 104°, 75°and 63°respectively. A further experiment has been performed on high voltage overhead line conductors to study the behaviour of large populations of water droplets. Two types of conductor were considered: firstly, one with traditional circular strands, and secondly, one with trapezoidal strands [1] . These were chosen since experience has shown these give different acoustic noise performance and water droplets physically sit and move on their surfaces differently.
Twenty sessile drops and twenty pendent drops (50 µl in volume each) were manually applied on the top and bottom surface of 20 cm sections of conductors using a micrometer syringe. A 50 Hz voltage of 110 kV rms, equivalent to a surface gradient on a uniform cylinder of equivalent radius of 18 kV/cm rms, was applied for 5 minutes, after which an equilibrium state had been reached. A high speed camera capturing 1200 frames per second was used to record the motion. The images captured were processed using image deblurring algorithms and edge-detection algorithms to accurately define the boundaries of droplets. Ejection phenomena were observed from trapezoidalstrand conductors as fine water jets and droplets are continuously being ejected from the tip of larger water droplets. For traditional hydrophilic, circular-strand conductors however, there are no ejection phenomena because that there is no hydrophobic flat surface on which droplets can become stable, larger droplets readily run off and around the conductor. After five minutes, thirty-four sessile drops and twenty-one pendent drops developed on the trapezoidal-strand conductor while twenty sessile drops and eighteen pendent drops developed on the circularstrand conductor. This is a typical result, leading to the conclusion that the trapezoidal-strand conductor tends to increase the population of drops while reducing the individual average volume through fission to a very uniform size. Circular-strand conductors retain the droplets approximately in their initial condition. Moreover, in general terms, under continuous wetting (a condition defined in [5] ) the smaller droplets tend to be stable on the trapezoidal surface, but run off the surface of the circular strand. Experience shows that changing the hydrophobicity and roughness of a conductor can produce a range of effects (as shown in Fig. 2 ). However the descriptions of the performance of these two conductor types have been given here to illustrate the range of potential properties.
In summary, trapezoidal strand conductors tend to have a higher noise output compared to the circular-strand equivalent conductors if their average radii are same. Emitted noise level increases when the surface of the trapezoidal-strand conductor is made more hydrophobic. This is because hydrophobic, trapezoidal strands tend to sustain a uniform sized set of water droplets on its surface, rather than a wider ranging set of apparently random sizes over the surface of a circular strand conductor. There is a need to develop a quantified view of this complex situation. The purpose of the work here is to link the water droplet size distribution to noise generation by establishing the relationship between droplet vibration, droplet size and the onset of corona.
III. LITERATURE REVIEW
Research of corona discharge initiated from pointed geometry, first established onset fields from solid surfaces at values of 3 kV/mm (rms) [8] - [10] . Subsequent experiments extended considerations to liquids, and considered dynamic surface/droplet distortion in high electric fields [11] , [12] . Taylor and Wilson conducted a seminal experiment on corona inception by using soap-bubbles in 1925 [13] . A further classic experiment by Taylor quantified the maximum vertex angles developed before a liquid surface becomes unstable (resulting in ejection of small jets of fluid) [14] . Being inspired by Taylor's cone, a number of researchers conducted further investigations on this electrohydrostatic phenomenon [15] - [23] .
More recently interest has developed around the role of the dynamic behaviour of liquids on the surface of insulating materials [24] - [29] . Rowland and Lin [30] investigated this electrohydrostatic phenomenon by applying alternating voltage to two adjacent droplets and identified that the contact angle of the insulating solid surface plays an important role in evolution of surface discharges on wet insulating materials.
Teich and Weber considered AC droplet vibration phenomena on transmission line conductors [31] . However due to the limited imaging technology, most of the work in this area assumes that the vibration of droplets under AC field has little impact on the inception of corona discharge [32] , [33] . The work here provides the opposite conclusion.
IV. METHODOLOGY

A. Experimental
To study the mechanical and electrical behaviour of droplets under alternating electric fields, a sphere-to-plane metallic electrode geometry is used as shown in Fig. 3 . The sessile arrangement is shown, but pendant droplets are studied by inverting the electrode geometries. The advantage of using a sphere-toplane geometry is that the axial-rotational symmetry can avoid non-symmetrical effects (depending on the mode of droplet vibration) associated with a cylindrical conductor. The design parameters which determine the distribution of the electric field surrounding the sphere are: the diameter of the aluminium sphere, the distance of the gap between sphere and plane electrode. An electrostatic simulation based on the finite element method was used to choose parameters resulting in a surface stress equivalent to a typical overhead line conductor in service [1] . The earth plate has smooth round edges to prevent undesired corona discharges, and its diameter is sufficient to act as an infinite plane to the water droplet sitting on the sphere. The conductors tested to produce the results shown in Fig. 1 were designed to have an average field of 16.5 kV/cm on the surface of the conductors in service. The tip of the sphere in the experiment is thus kept at 16.5 kV/cm by varying the supply voltage and the distance between sphere and plane, although in this case the field is divergent in two planes, not one as for a cylindrical geometry.
The design of the optical system concerns not only the level of image quality obtained but also the accuracy of synchronisation between image and electrical signal being measured. To study the vibration characteristics, the shape of the droplet was captured with a high speed video camera. The quality of the image was improved by utilizing an intense back-light to establish a stable white background. However UV detection can be used to image discharges more sensitively. UV light from corona discharge has a wavelength ranging from 190 nm to 400 nm and is filtered out by standard optical lenses. To be able to capture UV emission from corona discharge, a Nikon 105 mm F4.5 UV Lens was employed. To capture the relatively low light intensity of UV emission from corona discharge with the high speed camera, a high speed gated image intensifier (Hamamatsu C10880) was used to magnify the light intensity by a factor of 1000. This gave sufficient light intensity for the high speed camera to capture UV events. This electronic amplification increases the noise level presented on the image, so captured images are post-processed to reduce the noise.
As a result of the techniques used, capturing droplet shape and corona discharge requires completely different back light intensity, and this imposes a technical difficulty of obtaining high quality images of droplet shape and corona discharge simultaneously. A trade-off has to be made to determine the best back light condition to capture a clear droplet shape and corona discharge activity.
Synchronisation between images and measured voltages is achieved by electronic signal processing as shown in Fig. 3 . External triggers control both the image intensifier and camera. Buffers are introduced to store signals which are then assigned to individual images with the correct time reference. Analogue measurements from the voltage divider are digitised for easier synchronisation with discrete images. The measuring speed and resolution can be varied according to need (Table I ). The overall experimental platform has been designed to achieve satisfactory quality of images and accuracy of synchronisation.
An 80 kV transformer is employed as the HV supply, as shown in Fig. 4 . A 125 kilo ohm resistor limits any potential flashover current. A spark gap protection device is introduced to protect the secondary measurement circuit. A voltage divider is used to determine the supplied voltage value on the spherical electrode. Rain water in Manchester has an average conductivity of 80 µs/cm, and this value was used as a standardized value for the laboratory testing.
As the measurement accuracy of this experiment relies on the synchronisation between images and signals, a calibration procedure has been carried out to examine the accuracy of the synchronisation. To do this, the times of a series of air gap breakdown events were captured by optical imaging and then compared with associated point-on-wave voltage collapse. In Fig. 5 , for example, the first voltage drop was detected at 1300 µs while the first discharge is detected at 1550 µs. This time difference being the measurement error due to discrete images being captured only every 831 µs. The error of the synchronization system is much lower than the image capture time interval (831 µs). 
B. Numerical Simulation Using the Finite Element Method (FEM)
Simulating the dynamic behaviour of a rain droplet subjected to AC electric fields is a multi-physics problem. Simulating such a phenomenon comprehensively can be extremely time consuming and the added complexity of coupling multi-physics fields also results in excessive uncertainties within the results. After a sensitivity study of various simplified versions of simulation in comparison with measurements, two types of models have been identified as the most effective tools in understanding the physical mechanism behind the droplets' dynamics:
r an image based quasi-electrostatic model using FEM to simulate the electric field and charge distribution within droplets r a multi-phase flow model coupled with a quasielectrostatic field to simulate the dynamic mechanical behaviour of a single droplet subject to an AC electric field The surface field gradient around a sessile water drop has been computed using two commercial software packages (AN-SYS and COMSOL). By comparing the results, and noting their similarity, confidence of accuracy has been established through the consistency of results from two software packages.
High resolution images captured from the high speed camera have allowed accurate reconstruction of the shape of the water droplet. A reconstruction function was developed for the droplets, and the shape of the droplet can be reconstructed in both symmetrical 3D as shown in Fig. 6 . Two methods to reconstruct the shape of water droplet have been tested: the curve fitting based boundary reconstruction method and the Bezier curve based reconstruction method. The errors between the constructed boundary and the original boundary were evaluated, and it was determined that the curve fitting based boundary reconstruction method gives higher accuracy, and so has been utilized as geometry modelling method. With the adaptive meshing of the Finite Element Analysis (FEA) software, the numerical residual is reduced to a minimum [34] .
V. RESULTS AND DISCUSSION
A. Experimental Determination of Droplet Shape Under AC
Both sessile and pendent droplets have been tested within an AC electric field. The contact angle for a sessile droplet on the sphere electrode was 83.5°without an imposed electric field. Depending on the actual surface geometry of the solid, measurement of contact angle can be difficult. For example, on real conductors no extended simple flat horizontal surfaces exist. As for the case of the results shown in Fig. 1 , the contact angles of typical conductors vary from 75°to 104°. So the selected spherical electrode has a surface hydrophobicity within the range of typical conductors. The shapes of the droplets in the sessile and pendant forms as they vibrate over the power frequency cycle, and the simultaneous point-on-wave voltages are shown in Figs. 7 and 8 .
It is found that the motion of water droplets is periodic, and the frequency of the vibration is 100 Hz, twice the frequency of the supply voltage. The droplet experiences a stretching process and a compression process within each half-period of 10 ms. Nine images have been selected to present the vibration characteristics for both sessile and pendent droplets. The shape of the droplets alters through each half power cycle between three states or outline shapes: semi-spherical, flattened, and conical. It is also observed that in the cases detailed in Figs. 7 and 8 the applied voltage is close to the point-on-wave maximum when the shape of water droplet is flattened, and close to its minimum when the droplet is approaching the conical shape. From a vibration point of view, this phenomenon can be described by a phase shift between excitation force and response of nearly 90 degrees.
B. Results From the Image-Based Electro-Quasistatic Model
The axial-symmetrical simulation from the electro-quasistatic model has been generated, and the 2D axial-symmetrical result is rotated to reconstruct the surface field distribution of the complete single droplet as shown in Fig. 9 . For reference, the original image from the high speed camera is attached in the first row. The second row shows the electric field distribution within the air surrounding the water droplet. The third row plots the 3-D surface electric field. As noted previously, the electric stress reaches its maximum when the shape of water droplet is flattened while encounters a minimum when the droplet is approaching the conical shape. In Fig. 10 , the maximum electric field around the droplet surface is plotted with applied voltage against time. Each point and associated number describes the maximum electric field strength for one FEA simulation as shown in Fig. 9 . Fig. 11 describes the enhancement that the droplet shape alone has on the electric field. To facilitate this, a field enhancement factor, due only to the shape of the drop (that is ignoring the effect of phase difference), is calculated from:
A natural position is first selected (position 11) at which the vertex of the droplet is closest to its height when no electric field is applied. When a constant DC voltage is applied to various shapes of droplet, the maximum electric field for the undisturbed natural position (at t 0 ) and an instant time (t) are labelled E max (t 0 ) and E max (t) respectively.
In Fig. 11 , positions 1-5 and 13 can be classified as having flattened droplets. Positions 6 and 12 have a semi-spherical shape. Positions 7-10 are characterised by a conical shape. The field enhancement factor is approximately 0.8 for both flattened and semi-spherical shapes and increases to 1.3 for the conical shape. This result demonstrates that for this water droplet, the shape of water droplet can either enhance the maximum electric stress (by 30%) or reduce the maximum stress (by 20%). The modification of electric field depends on the combination of shape and instantaneous voltage. As an example, if the highest voltage is applied at position 7 or 8, the resultant maximum electric field will be 1.3 times higher than if it is applied at position 11.
The established field enhancement curve as shown in Fig. 11 is related to this specific sized droplet, if the size of the droplet changed, this enhancement curve will change. At higher electric fields, it is expected that the factor K(t) will increase when the shape of the droplet is stretched further (i.e., the droplet will become more elongated and flattened). Ultimately there will be a field at which a droplet will become unstable [14] . As a result, K(t) can be written as a function of field, E, and droplet volume, V, as K(t, E, V).
C. Vibration Characteristics and Droplet Size
The previous study examined the vibration characteristics of a typical but arbitrary droplet size. It is expected that when the size of the droplet changes, its vibration performance (in particular, the phase shift between input voltage and the magnitude of vibration) will also alter due to the mass of the vibration system being modified. The previous section illustrated that different shapes of the droplet result in different electric field enhancements, but the phase relationship between applied voltage and droplet motion means that in that case the maximum field occurred with the flattened shape. As corona discharge initiates at a critical level of electric field, it is proposed that a different size of droplet will have different corona emission characteristics due to the different shape/phase relationship.
To verify this hypothesis, an experiment was designed to capture both water droplet shape and corona discharge simultaneously. The droplet size is controlled by a micrometre syringe with a precision of 0.2 µl. A range of sizes of droplets (2, 3, 5, 6, 7 and 8 µl) , with an equivalent diameter of a hemisphere of the same volume as: 2.0, 2.3, 2.7, 2.8, 3.0 and 3.1 mm respectively were applied on the sphere to plane experiment introduced previously in Fig. 3 . The sizes are chosen to represent a range of naturally occurring droplets on the conductor surface as shown in Fig. 2 .
The water droplet shape and corona discharge captured are presented in Fig. 12 . The magnitude of the vibration (measured from the tip of droplet to the base of the electrode) and the intensity of corona discharge (quantified by the intensity of photon emission from corona discharge) are plotted against the instantaneous applied voltage in Fig. 13 .
It is found that:
r For a relatively small droplet (2 µl), only negative corona initiation has been captured by the high speed optical system. This result is consistent with previous observations that negative corona discharge starts at a lower voltage level than positive corona discharge [35] .
r For a droplet of size 3 and 5 µl, both positive and negative corona have been captured r For a smaller sizes (2 and 3 µl), the shape of the droplet is stretched into conical shape when the highest voltage (electric field) exists while for the larger sizes (5 and 8 µl), the shape of the droplet is flattened into ellipse shape when the highest voltage (E field) exists as described previously.
r The corona discharge initiated from the tip of the conical shape in both the 2 µl and 3 µl case while from the 5 µl and 8 µl case, corona is initiated from multiple locations from the flattened surface.
r Fig. 13 shown that the phase delay between the vibration magnitude and the applied instantaneous voltage has been increased significantly when droplet size increases.
VI. DISCUSSION
Using the small-scale sphere-to-plane experiment, a single droplet subject to AC electric field has been investigated. It is observed that droplet vibrates from a conical shape to flattened shape at twice the power frequency (100 Hz). By synchronising the voltage signal with the high speed images, the electric field associated with each image has been calculated from an FEA model. The calculations have shown that the electric field varies with both droplet shape and applied voltage. It is observed that for a large water droplet of 5 µl, the electric stress reaches its maximum when the shape of water droplet is flattened and encounters a minimum when the droplet is approaching the conical shape. This counter-intuitive result arises because of the phase lag between applied voltage and the resulting vibration. Without consideration of the phase relationship, the maximum field enhancement resulting from a conically extended droplet might otherwise be expected to have a field 1.3 times higher than its natural shape [7] .
It has been verified by experiment that the phase relationship between the shape function of a water droplet sitting on a conductive surface and the applied voltage is strongly dependent to the size of droplet. 2 µl and 3 µl droplets see the highest electric field when the shape becomes conical while a 5 µl droplet experiences the highest electric field when the shape becomes flattened. The 8 µl flattened phase is somewhat less well defined giving less reproducible corona initiation points. fIn particular, for smaller droplets, discharges occur at a singular, central point on the water droplet when it is in a conical shape, whereas for a larger droplet corona will occur on the circular surface, presented as an edge on the flattened droplet of the well-defined 5 µl case.
Ejection phenomena are observed on droplets under AC excitation [30] . At higher fields large droplets eject sub-droplets to reduce their mass until stability is reached. This indicates that although the rain droplets can form randomly as an initial condition, their sizes tend to approach a certain value which is the threshold value under which droplets can vibrate stably without losing any mass. Empirical study of a large population of droplets on cylindrical conductors, has shown the vibration frequencies of droplets are identified to be distributed mainly at 100 Hz while some are at 200 Hz [36] . Droplets can reduce their mass by ejection until a steady state vibration process is reached. This ejection process is controlled mainly by the surface condition of the conductor. It has been confirmed by experiment that a very uniform hydrophobic surface with flattened strand shapes, can give rise to a uniform set of water droplets all of which vibrate synchronously [36] .
We argue that the unusual acoustic emissions experienced by some modern conductor designs are a result of the establishment of uniform droplets over the surface of the conductor. Normally the naturally occurring range of conditions on the surface, due to geometry, pollution, greases, and oxidation result in a wide range of droplet sizes. These will vibrate with various amplitudes and phases. However, if a very uniform hydrophobic surface is achieved, a uniform sized set of droplets will naturally form, and be sized according to emission of fluid from the larger droplets. Because these uniform droplets will vibrate in the same way, they will all generate corona at the same point on wave, generating synchronised acoustic waves. As a result the overhead line conductors can operate as effective transducers at low frequencies -producing the anomalous hum effect. This is a different sound quality from the typical random corona noise (buzz) generated by corona from thousands of randomly vibrating droplets. Indeed the human ear is particularly sensitive to such hum, and the lower acoustic frequencies can penetrate buildings so that the environmental impact is more significant [37] . These observations do not imply that this is the only noise-generating mechanism; corona discharge and ionic vibration [4] may also contribute, but the circumstances in which low frequency hum can be substantially increased in volume as a result of particular conductor surface properties and environmental conditions has been identified.
VII. CONCLUSION
It has been shown that water droplets of different sizes will vibrate with different phase relationships to the power frequency. If the electric field is high enough corona inception will also occur at different times during the power frequency for different droplet sizes because of the varying phase relationships. For smaller droplets corona inception occurs when the droplet is extended into a cone, and from the tip of the cone: for larger droplets the highest fields occur when the droplet is in a flattened shape. Corona is seen to occur in various physical locations on a droplet in the latter case.
Some modern high voltage overhead line conductors have inadvertently created surfaces which generate uniform and stable water droplets. This is because segmented strands present flatter surfaces and they have a relatively high and uniform hydrophobicity. The authors propose that as a result, the acoustic emission from vibration and corona activity are synchronised over large lengths of the conductors and maximum acoustic volume is thus achieved. Such synchronisation does not allow for random phase cancellation which would normally be expected, and historically experienced by previous conductor designs. This explains the recent experiences of higher noise generated by some novel conductors than previously experienced.
It is proposed that by purposefully generating more randomised surfaces on conductors, the issue of hum can be negated. It is also noted that due to the proximity of the droplets' mechanical resonance to the power frequency, noise levels from 50 Hz and 60 Hz power systems may be significantly different from the same conductor, and experience in different parts of the world may not be identical.
